Abstract
INTRODUCTION
A public lighting system is a very important component of the smart city concept. Taking into account the fact that its infrastructure is unused during the day and that the system of public lighting is well developed in urban areas, it is possible to exploit it for multiple purposes. Therefore, local authorities must not observe the public lighting infrastructure only as an illumination tool for roads. There are many more opportunities to observe it as a shared infrastructure taking into account other possibilities that result in cost reduction and revenue assurance. Exploitation of public lighting infrastructural possibilities as well as possibilities and solutions of the connected public lighting management system has been researched in [1, 2, 3, 4 and 5] .
To be able to use features integrated into the public lighting infrastructure it is necessary to keep lampposts powered 24 hours a day. In addition, it is necessary to interconnect all lampposts and connect them to the central management system. There are numerous solutions to avoid additional expenses to power integrated features in the public lighting infrastructure. First of all, it is a transition to LED technology due to the fact that LED requires less energy by itself. Another very important fact is that LED lighting is more easily manageable in comparison with other types of lighting sources which cause additional reduction in electricity consumption.
Smart public lighting needs to be operated remotely because each lamp should be switched on or off and dimmed automatically at any time. The basic concept of a manageable public lighting system with exploited infrastructure is shown in Fig. 1 .
Fig. 1.
Connected public lighting network [2] In what follows, an overview of the use cases that can be integrated into the public lighting infrastructure is given. Emphasis is placed on lighting control due to its significant impact on energy performance indicators which are key quantities for system efficiency rating. The possibility of providing electricity to power use cases integrated into the public lighting system without increasing costs was investigated. Simulation results showed whether it is possible to save energy by a transition to LED lighting technology and establishment of a smart lighting management system using a dynamic operational profile proposed below.
Paper [2] deals with the possibility of exploiting the public lighting infrastructure for multiple purposes. All of use cases that can be integrated into the public lighting infrastructure need power for their operation. This paper analyzes the possibility of providing power supply to these use cases without generation of additional costs by choosing an adequate operational profile for the lighting system.
EXPLOITATION OF THE PUBLIC LIGHTING INFRASTRUCTURE

PUBLIC LIGHTING INFRASTRUCTURE UTILIZATION
As a smart city component, a public lighting system offers much more than light itself. Smart city is an attractive way of making the city more livable through smart solutions that are supported by information and communication technology [3] . According to the Croatian legal framework, a public lighting system has become a communal activity. Since 1998, the Croatian electricity utility has transferred ownership of the equipment to local government. In line with the fact that public lighting can consume as much as 40 % of the municipal energy budget and considering that the public lighting system is not fully utilized, local authorities must exploit it thoroughly. Therefore, there is a great potential to reduce electricity and operational costs by establishing smart public lighting. The first step is to replace the existing lamps with LED-based technology that will result in reduction of energy and operational costs. By connecting those LED lamps municipalities can additionally cut energy costs which is a result of real-time intelligent management and faster response. Smart public lighting includes many functional units such as a remote management system, sensors for traffic monitoring, a traffic counter, digital traffic signs, integrated electric vehicle charging stations, etc. A combination of all these features makes a public lighting system smarter and more exploited. At the same time, this is a good way to establish a smart lighting system and an intelligent traffic system.
There are a lot of use cases that can be integrated into the public lighting infrastructure (Fig. 2.) . 
LIGHTING CONTROL WITH PRESENCE SENSORS AND DETECTORS
Due to well-coverage of municipalities by the public lighting infrastructure it is possible to establish an intelligent traffic system. Traffic flow could be monitored by installing presence sensors and detectors on lampposts positioned along the street [6] .
Around midnight, when the traffic calms down and people retreat to their homes, there is no need for nominal illuminance on the street which is caused by nominal lamp power (P car ). Therefore, at a certain time e.g. at 11 pm, the power of the lighting system is reduced to the minimum (P min ), just to have enough light for the purpose of safety. When the sensor registers a pedestrian, the lighting power increases from Pmin to the power level that provides enough illuminance required for pedestrian safety (P walk ). Due to pedestrian safety P walk , the range is the same in front of and behind the pedestrian.
In case a vehicle comes along the street, the sensor detects it and sends the information to a central monitoring and control system which gives an order to the lighting system to change the power level to P car . Image sensors track the vehicle through the street and give an order to the lighting system to change the lamp power level in front of and behind the vehicle as shown in Fig. 3 . The lighting power reduces to the minimum immediately behind the vehicle and increases to the nominal level as long as necessary for the purpose of ensuring safe traffic flow. In combination with LED lighting technology it provides more energy reduction which could compensate energy consumed by the use cases described above.
ENERGY PERFORMANCE INDICATORS FOR ROAD LIGHTING INSTALLATIONS
Energy performance indicators may be used for comparison of energy performance of different lighting solutions for the same project of a road lighting system. They are defined by the EU Standard EN 13201-5:2015.
Here we show three examples of operational profiles that illustrate a daily course of the lighting level. This section also describes energy performance indicators for road lighting installations, which includes a power density indicator (PDI) and an annual energy consumption indicator (AECI) [7, 8, 9, 10 and 11] .
PUBLIC LIGHTING OPERATIONAL PROFILES
There are three typical operational profiles for a lighting system. These examples illustrate a daily course of the lighting level. The power level needed for the calculation of energy performance is associated with lighting levels depending on a lamp type, power and other factors [11] .
The most common operational profile is a full-power operation profile which is typical for the lighting system with simple switching devices such as time switchers or photosensors. Lamps operate each day constantly at full power throughout the night, Fig. 4 . 
ENERGY PERFORMANCE INDICATORS
The fifth part of the EU Standard EN 13201 defines how to calculate energy performance indicators for road lighting installations including the power density indicator (PDI) and the annual energy consumption indicator (AECI) [11] . Just briefly, according to [9] , the PDI is a value of the system power divided by the value of the product of the surface area to be lit and the calculated maintained average illuminance value on this area. It is calculated in a given state of operation and could be represented by the following expression [11] :
where:
D P -power density indicator; P -total system power of the lighting installation used to light the relevant areas; E i -maintained average horizontal illuminance of the sub-area "i"; A i -size of the sub-area "i" lit by the lighting installation; n -number of sub-areas to be lit.
The annual energy consumption indicator in a specific year is total electricity consumed by a lighting installation day and night throughout a specific year in proportion to the total area to be illuminated by the lighting installation. The AECI is calculated by means of the following formula [11] :
D E -annual energy consumption indicator for a road lighting installation; P j -operational power associated with the j th period; t j -duration of the j th period of the operation profile when the power P j is consumed; A -size of the area lit by the same lighting arrangement; m -number of periods with different operational power.
Values of energy performance indicators depend on many parameters such as the actual lighting class, road and sidewalk width, type of the light source, etc.
In case of the AECI, the switching and control profile strongly influences value change. Those values apply to the full-power operational profile with 4,000 annual operating hours. To take into consideration different operational profiles it is necessary to consider annual operation periods of individual lighting levels with the associated power and the presence detection probability in order to define the single lighting operation coefficient c op . This coefficient could be multiplied by the AECI value for full-power operation to obtain the AECI value for the actual operational profile [12] .
For AECI calculation, it is necessary to assume the annual probability parameter for each of the lighting levels [11] . 
METHOD AND SIMULATIONS
The main objective of these simulations is to investigate a possibility of providing electricity to power use cases integrated in the public lighting system without increasing costs. One of the most popular and most harmless solutions is a smart lighting management system. By installing presence sensors and detectors, it is possible to manage the lighting system as described previously. Two most common technologies are discussed in this section (high pressure sodium and LED technology), which are compared in terms of energy performance indicators by lighting classes for a predefined road profile.
Typical values of energy performance indicators are given in the EU Standard EN 13201-5 for different road profiles by lighting classes but they are not adequate for Croatian roads due to e.g. unreasonable width of Fig. 6 . Tri-power operational profile the carriageway or similar parameters that has a great impact on the PDI and the AECI. The PDI and AECI values depend on many factors such as lighting class, road profile arrangement, width of the carriageway, type of the light source, optics and position of the lamp, etc. Because of that, it is inevitable to simulate road lighting with appropriate parameters. The AECI also depends on the switching and control profile.
It is important to note that a lower PDI and AECI value implies better energy performance. Another very important fact is that values should not be used as benchmarks, but they can give you a sense of how some solution is more or less energy efficient [11] .
A generic road profile simulated in professional lighting design software (DIALux) is shown in Fig. 7 . Lighting poles are installed beside the road, 0.5 meters from the edge. One luminaire is installed per pole. The arrangement of the lighting system is single-sided. Lamp types used in simulation comprise tubular high pressure sodium (HPS) lamps and LEDs of different wattage. The observed area, which is a reference area for obtaining results, is the area between two poles as shown in Fig. 8 .
Fig. 8. Observed reference area
There are also some other approaches to maximizing energy efficiency in the public lighting system which are described in [14 and 15] . These approaches are based on a simple method for rough but sustainable calculations which provide a general procedure for designing public lighting. The main difference between these approaches described above and the approach used in this paper lies in the fact that these approaches are based on lighting design and calculations but our approach is based on management and operation solutions.
RESULTS AND INTERPRETATION
Results of six simulations for the HPS lamp (each for one lighting class) and six simulations for the LED lamp are interpreted in this section. The results of our study which refers to the PDI and the AECI are listed in Table  2 and Table 3 . The data for each lighting class includes the width of the carriageway and the mounting height. The last two columns in the table show the PDI or the AECI for both lighting technologies.
By comparing the PDI for HPS and LED technology it can be noticed that LED has a much better PDI value than HPS. The reason lies in the fact that LED lighting technology has much better luminous efficacy which includes good optics.
The results are quite different from the typical values of the power density indicator proposed in [11] , especially for lower lighting classes. This difference is primarily caused by a disproportionate relationship of lighting classes and the width of the carriageway. The difference between HPS and LED values is visually shown in Fig. 9 .
Fig. 9. Difference between PDI value for HPS and LED
The situation is similar in terms of the AECI. The results show that LED has lower AECI values than HPS. It is important to note that the AECI considers the annual accumulated energy use of road lighting that may vary during the year due to seasonal variations of daylight/night time hours, changing weather conditions, changing traffic density and changing functionality of the street. Therefore, these are informative values that could provide initial information.
The difference between HPS and LED annual energy consumption indicator values is visually shown in Fig. 10 .
As previously mentioned, the AECI depends on public lighting operational profiles which are defined above. LED annual energy consumption indicator values for different operational profiles are compared and presented in Table 4 . In what follows, the AECI is interpreted as the energy saving indicator by comparing HPS and LED lighting technology including the tri-power operational profile as the most favorable one. Table 5 gives energy savings in percentage due to a transition to LED technology and the application of the third operational profile in relation to the most commonly used lighting technology, i.e. HPS. According to simulations, by a transition to LEDs, implementation of the public lighting smart management system and by installing presence sensors and detectors municipalities can significantly reduce energy consumption by at least 50 % (Fig. 12) . 
CONCLUSION
A public lighting system is a great opportunity for municipalities to improve the quality of life in their surroundings and to make everyday life safer, smarter and more efficient. Integration of other use cases into the public lighting infrastructure requires additional energy. This study shows that there is a solution to ensure additional energy by a transition to LED technology and establishment of the smart lighting management system using the tri-power operational profile. Simulation results showed that the public lighting infrastructure can ensure additional energy by avoiding extra costs. By implementing the aforementioned measures, it is possible to reduce energy consumption in the public lighting system by at least 50 % up to 80 %, which could be enough for power use cases integrated into the public lighting infrastructure.
Results of six simulations for the HPS lamp and six simulations for the LED lamp showed that there is a greater difference between PDI values for lower road classes, M5 and M6. In all cases, PDI and AECI indicators have lower values for LEDs, which means that LED lamps are more efficient. Due to LED's full controllability it is possible to change operational modes in order to additionally decrease the AECI showed in Table 4 and Fig. 11 . In general, in combination with tri-power operation mode, LEDs generate most energy savings.
With the aim of making decisions easier, it is necessary to conduct cost-benefit analysis or a financial comparison to give the final assessment, but due to computational complexity, these analyses will be conducted as a follow-up to this paper.
